Abstract To dissect the genetic architecture of sexual dimorphism in obesity-related traits, we evaluated the sexgenotype interaction, sex-specific heritability and genomewide linkages for seven measurements related to obesity. A total of 1,365 non-diabetic Chinese subjects from the family study of the Stanford Asia-Pacific Program of Hypertension and Insulin Resistance were used to search for quantitative trait loci (QTLs) responsible for the obesityrelated traits. Pleiotropy and co-incidence effects from the QTLs were also examined using the bivariate linkage approach. We found that sex-specific differences in heritability and the genotype-sex interaction effects were substantially significant for most of these traits. Several
Introduction
Obesity resulting from an excess of body fat is a known risk factor for chronic diseases, such as heart disease, diabetes, hypertension, stroke, dyslipidemia, osteoarthritis, and some cancers (Burton et al. 1985) . Its prevalence has increased dramatically since 1960 and become a serious public health problem. As a complex trait, obesity arises from the interactions of multiple genes and environmental factors. Studies have shown that heredity plays a major role in the development of body size and obesity (Price and Lee 2001; Price et al. 2000) . Recent reports of genome scans on obesity traits have also found linkage to regions on several chromosomes in diverse populations (Rankinen et al. 2006) . In a recent meta-analysis of the 15 genome-wide association analysis (GWA), studies for BMI not only replicated common variants of fat mass and obesity associated (FTO) and melanocortin 4 receptor (MC4R) but also identified 6 additional loci: transmembrane protein 18 (TMEM18), potassium channel tetramerisation domain containing 15 (KCTD15), glucosamine-6-phosphate deaminase 2 (GNPDA2), SH2B adaptor protein 1 (SH2B1), mitochondrial carrier homolog 2 (MTCH2), and neuronal growth regulator 1 (NEGR1) (Willer et al. 2009 ). Although their functional importance awaits further validation studies, several of the candidate genes are considered to act on the central nervous system to cause obesity.
Sexual dimorphism in body fat content and its distribution has long been recognized in both humans and animals. Generally, males are taller, weigh more, and tend to have an accumulation of central fat, while females are smaller, have greater total body fat, and have a smaller accumulation of central fat (Lemieux et al. 1993; Pietrobelli et al. 2002) . Sex differences in occurrence of metabolic diseases might be partly mediated via differences in body fat distribution; and the expression of sexual dimorphism in body fat may involve a substantial underlying genetic component. Hence, studying sex-specific genetic architecture may help in detecting susceptibility loci for body-fat-related traits. So far, several studies have shown genotype by sex interactions (Comuzzie and Allison 1998; Comuzzie et al. 1993; Diego et al. 2006; Martin et al. 2002; Towne et al. 1999; Voruganti et al. 2006) or sex-specific QTLs in obesity-related traits (Lewis et al. 2005) in African-Americans, white Americans, and Mexican Americans. The study of genotype-by-sex (G 9 S) interactions or sex-specific QTLs on fat-related traits, however, has lacked an examination of a Chinese population. In the present study, we applied the variance component method (Almasy and Blangero 1998) to assess the significance of genotypeby-sex interactions on obesity-related traits and, further, to identify sex-specific susceptible QTLs responsible for these traits. In addition, we performed bivariate linkage analyses to examine the pleiotropy and coincident effects of the sexspecific QTLs for these traits to understand the genetic architecture of sexual dimorphism in shape and size. Linkage findings have helped in improving statistical power in whole-genome association studies through, for example, a weighting procedure, as some regions of the genome may be favored because of prior investigations or knowledge of the biological function of particular genes (Roeder et al. 2006) . These findings are useful for further identification of the liability genes for complex phenotypes through candidate genes or GWA by taking gender into consideration.
Subjects and methods
The study used data collected from the Stanford AsiaPacific Program of Hypertension and Insulin Resistance (SAPPHIRe) study, which was designed to investigate susceptibility genes for hypertension and insulin resistance in selected Chinese and Japanese populations (Ranade et al. 2001 (Ranade et al. , 2003 Wu et al. 2002; Yang et al. 2003) . The subjects of this study were concordant siblings (all siblings with hypertension) and discordant siblings (at least one hypertensive sibling) recruited through probands. Probands were ascertained as those with age at onset of 35-60 years, or those over 60 who had available documentation of their hypertension status prior to age 60. A total of 2,525 subjects of Japanese or Chinese descent were recruited from centers in San Francisco, Hawaii, and Taiwan. All subjects underwent a clinical and fasting laboratory examination, with written informed consent obtained prior to examination. Diabetic individuals defined by the WHO criteria uncovered as a result of SAPPHIRe laboratory work or previously diagnosed were excluded in our analyses, as diabetic individuals usually have abnormal traits measures. The details of recruitment, exclusion criteria, phenotyping, and genotyping have been described elsewhere (Ranade et al. 2003) .
As it is helpful in studying a genetically homogeneous population, we focused on the Chinese population in the previous and present studies, because the number of Japanese is very limited (352 in total) in this study. We used ''sib_kin,'' a module of ASPEX software (http://www. aspex.sourceforge.net/) to identify non-paternities. When a non-paternity was identified that individual was excluded from the analysis (Ranade et al. 2003) . It turned out that 1,365 non-diabetic Chinese subjects (118 parents and 1,247 siblings) with genotyping data from 411 nuclear families were included in this study. The number of families with 2-8 siblings was 138, 122, 63, 37, 16, 5 , and 1, respectively. The study was approved by the Institutional Review Board of all the Institutes involved.
Genotyping
Whole blood was obtained from all consenting family members for DNA extraction. DNA was prepared using commercial kits (Puregene, Gentra Systems, Minneapolis, MN). Genotyping was performed at the Marshfield Medical Research Foundation (Marshfield, WI) using the Weber screening set 9 (Research Genetics, Inc., Huntsville, AL) (Chuang et al. 2004 ). The genotyping procedure used 376 autosomal markers representing short tandem repeat polymorphisms and yielded an average map density of 9.16 cM. Genotyping quality was monitored by typing 30 samples in duplicate. An error rate of *1% was estimated based on these duplicated samples. A published sex-averaged genetic linkage map available from the Marshfield website (http://www.research.marshfieldclinic. org/genetics/GeneticResearch/compMaps.asp) was used for linkage analysis, with the marker order confirmed based on a release from that site. Data for three markers, which had significant Mendelian inconsistencies, were excluded from linkage analysis. ASPEX software was used to examine Mendelian inconsistencies. In the situations where an error was found, the genotype data for all the members of the family at that marker were converted to missing (see Ranade et al. for additional details; Ranade et al. 2003) .
Phenotyping
The phenotypes in this study included BMI, height, hip circumference (hip), weight, waist-hip ratio (WHR), and waist circumference (waist). To directly assess the genetic effect of body fat, we also studied percent body fat (PBF), defined by PBF = 1.2 9 (BMI) ? 0.23 9 (age) -10.8 9 (sex: male 1, female 0) -5.4 (Deurenberg et al. 1991) . Before conducting linkage analyses, empirical normal quartile transformation (Diego et al. 2007; Peng et al. 2007 ) was applied to normalize the scaled rank of trait values using an inverse normal transformation.
Covariates
The covariates adjusted for in the linkage analyses in the whole sample included age, gender, smoking, physical activity, alcohol consumption, and field center. The detailed definitions of these covariates are described in Chiu et al. (2005) . These covariates were considered to be possible confounders, and were all included in these analyses regardless of their significances.
Genome-wide multipoint linkage analyses
The variance-components model partitions, the variability of a trait into components for a quantitative trait loci (QTL), the residuals polygenic component, and the random environmental component (Almasy and Blangero 1998) ; namely,
where the phenotypic variance is the sum of the genetic variance (r G 2 ) and the environmental variance (r E 2 ). To model G 9 S interaction, additional parameters are needed. Assuming the probability of an individual having a specific genotype is independent of sex, the expected additive genetic covariance between a pair of male and female relatives [COV(G M , G F )] may be defined as.
where subscripts M and F refer to male and female, respectively; / is the coefficient of kinship between the two individuals; and q G ðM;FÞ is the genetic correlation between the expressions of the trait in the two sexes. The across-sex QTL correlation coefficient is constrained to one.
The variance component method implemented in SOLAR was used to perform genome screens under standard linkage and G 9 S interaction models across all 22 autosomes.
For the standard linkage case, the likelihood ratio statistic; namely, twice the logarithm of the likelihood ratio, is asymptotically distributed as a 1/2:1/2 mixtures of a v 1 2 and a point mass at zero, denoted by v 0 2 . Log of odds (LOD) scores were calculated as logarithm to base 10 of the likelihood ratios. For the linkage version of the G 9 S interaction models, the QTL correlation coefficient was constrained to one, and because of this the likelihood ratio statistic is asymptotically distributed as 1/4 v 0 2 :1/2 v 1 2 :1/4 v 2 2 . To make the MLS scores from this statistic comparable to the standard model under univariate analysis, we provided the corrected MLS score denoted by MLS [1] on the basis of the appropriate distribution (Diego et al. 2007) .
In the bivariate model, the additive genetic (q g ) and environmental (q e ) correlations between the two traits represent the effects of shared genes, or pleiotropy, and of shared environmental factors, respectively, on the phenotypic variance in a trait. We conducted a series of bivariate Hum Genet (2010) 128:501-513 503 quantitative genetic analyses for all pair-wise combinations of obesity-related traits using the bivariate approach implemented in SOLAR 2.0. To test pleiotropy and coincident linkage, likelihoods for linkage model in whichwas estimated were compared with models in whichwas constrained to 0 (no shared major gene effects in the region, i.e., co-incident linkage) and constrained to 1 or -1 (complete pleiotropy). In the case ofconstrained to 0, the difference between these likelihoods is distributed as a v 2 with 1 degree of freedom. Whenis constrained to 1 or -1, a boundary, the difference in likelihoods is distributed as a 1/2:1/2 mixture of v 1 2 and a point mass at 0 (Amos et al. 2001) . The hypothesis of= 1 or -1 (complete pleiotropy) or the hypothesis of= 0 (coincidence linkage) was rejected when p \ 0.05.
Pointwise statistical significance was assessed through computer simulations to avoid inflated type I error rate. A fully informative marker was simulated under the null hypothesis of no linkage, with the observed family structures and phenotypes. We generated 10,000 (or at least 100,000 for regions with MLS C 3) replicates for each interested region, and the resulting distribution was used to derive empirical p values. This procedure was implemented in the SOLAR program.
Results
Phenotypically, the fatness-related traits all significantly differed by gender (Table 1) . Almost all of the measures were lower in females than in males, except for PBF, which was significantly higher in females. The gender effects remained highly significant (p \ 0.0001) after adjusting for age, field center and other environmental factors (data not shown). The overall heritability estimates of these fatnessrelated traits range from 0.35 to 0.82 (Table 2 ). To study the gender effect, we calculated the heritability estimates of various phenotypes stratified by sex. The heritability estimates are mostly higher in females than in males, except that for height ( Fig. 1; Table 3 ). For example, the heritability estimates of BMI, waist, and WHR were as high as 0.61, 0.83, and 0.89, respectively, in females; and reduced to 0.29, 0.14, and 0.39, respectively, in males (Table 3 ). All heritability estimates were significantly different from zero ( Fig. 1) . In addition, the differences in heritability for BMI, waist, WHR, and PBF between males and females were statistically significant (p = 0.0019, 2.96 9 10 -6 , 0.00017, and 0.019, respectively).
There was no significant peak in our original autosomalwide scan for these fatness-related traits. The power of detecting linkage increased dramatically after incorporating G 9 S interactions into the linkage analysis. The maximum MLS scores (MLS) ranged from 0.99 to 2.59 before incorporating the interaction term; but after G 9 S interactions were incorporated, the range of MLS increased to 1.61-4.22 (Table 2 ). The G 9 S interactions characterized by the across-gender genetic correlation coefficients (q G ) were significantly different from 1 for height (p = 1.2 9 10 -15 ), hip (p = 0.038), weight (p = 0.0002), WHR (p = 0.0021), and PBF (p = 1.4 9 10 -10 ) after adjusting for environmental factors in the linkage analyses (Table 2) . It is worth noting that the genetic effects on weight and PBF were in opposite directions in two genders, as they were negatively correlated.
After observing the strong interaction effects on several fatness-related traits, we searched for QTLs controlling these traits by males and females separately (Fig. 2) . As illustrated in Table 3 , some QTLs influencing BMI were detected only in women on chromosomes 7q (MLS = 2.23 or 2.06, the corresponding empirical p = 0.0032 or 0.0042), 10q (MLS = 2.29, empirical p = 0.0029), and 12q14.1 (MLS = 3.13, empirical p = 7.0 9 10 -4 ); the QTL nearby on 12q14.3 also influenced hip (MLS = 4.23, empirical p = 6.7 9 10 -6 ) and PBF (MLS = 1.93, empirical p = 0.0047). The other QTLs for BMI were on 12q23.1 (MLS = 3.39, empirical p = 5.5 9 10 -4 ) and 12q24.2 (MLS = 1.91, empirical p = 0.0060). These QTLs also controlled weight (MLS = 2.08, empirical p = 0.0023) and PBF (MLS = 2.43, empirical p = 0.0019). Because several traits were found to be controlled by common loci, we performed bivariate linkage analyses for pair-wise traits to investigate whether the common loci have a pleiotropy effect on the pair-wise traits. Most of the QTLs showed pleiotropic effects for various trait pairs, other than a few that showed evidence of coincidence linkage (Table 4 ). In females, the QTLs on 12q for BMI have a pleiotropic effect on all traits except for height and WHR, where the BMI and height showed evidence of In males, the pleiotropic effects were observed for height-waist, height-WHR pairs on chromosome 2q and for hip-waist pair on chromosome 6p. Several new QTLs not identified in the univariate linkage analyses were found in the bivariate analyses in either females or males for various pair-wise traits. For example, the additional QTLs on chromosomes 1p35, 3p26, 5q31, 9q21, 10q22, 12q13, and 21q11 were identified for several trait pairs in females; and the QTLs on chromosomes 2p11, 2q12, 2q14, 8q24, 10p11, 11q23, 12q23, and 22q12 were identified for various trait pairs in the bivariate analyses only for males. We examined the genes located within the 1-LOD support intervals for the signals over a LOD score of 3 from the linkage analyses. Depending on the regions, the number of candidate genes within a support interval varies from 56 to 411. Among them, the gene high mobility group AT-hook 2 (HMGA2) in 12q14.3 was identified for BMI, hip and for the trait pairs of BMI-hip, hip-PBF, hip-waist, hip-WHR, hip-weight and PBF-weight. This gene was also identified in European ancestry for height with a p of 5.9 9 10 -09 (Weedon et al. 2008 ). In addition, the genes in the region of 12q23.1, including insulin-like growth factor 1 (IGF1), phenylalanine hydroxylase (PAH), pro-melaninconcentrating hormone (PMCH), nucleoporin 37 kDa (NUP37), were also identified in Caucasian, Korean, European-American, Hispanic and African-American Kim et al. 2010; Li et al. 2004; Norris et al. 2005; Perusse et al. 2001; Sun et al. 1999 ) for some obesity-related traits. The ghrelin/obestatin prepropeptide (GHRL) gene was found to be associated with BMI in tall obese children and with obesity in Swedish obese females (Barlow et al. 1991; Korbonits et al. 2002; Ukkola et al. 2001) . Several genes in these regions are novel and are potentially associated with obesity-related metabolic mechanisms. These potential candidate genes warrant further studies.
Discussion
In the present study, we examined seven quantitative fatness-related traits and all of them were sexually dimorphic in trait values and showed gender difference in linkage. BMI, waist, WHR, and PBF showed evidence of differences in heritability between genders, while height, hip, WHR, and PBF showed evidence of significant G 9 S interactions. BMI and waist are sexually dimorphic phenotypically, but did not show significant G 9 S interaction. Height, hip, and weight have significant G 9 S interaction, but have no significant sex differences in heritability. On the other hand, WHR and PBF showed significant gender difference in sex-specific heritability and in G 9 S interaction effects. These findings suggest that many genes or the genetic mechanism within them and may function differently in the genders. In the gender-specific univariate linkage analyses, we identified a few QTLs on chromosome 12q in females. Interestingly, the region 12q23-24 showed evidence of linkage (MLS [1] = 2.08-2.72) for the hip-PBF trait pair for both genders and also showed evidence of pleiotropy from the QTLs on this region for pairwise combinations of BMI, hip, PBF, waist, and weight in the bivariate analysis. These results suggest that some of the genes in this region play important roles in various fatness-related traits. Thus far, this region has also been identified in various studies, such as for PBF in non-Hispanic whites and AfricanAmerican women (Lewis et al. 2005) ; for PBF, BMI, and waist circumference in European-Americans ; for abdominal fat in European-American families from Quebec (Perusse et al. 2001) ; for BMI, total AUC of BMI, and incremental AUC (calculated as total AUCbaseline AUC) of BMI in white sibships ; for stature in the Framingham Heart Study (Geller et al. 2003) ; and for total lean body mass in British females (Livshits et al. 2007 ). Of note, this region harbors several positional candidates, including IGF1, PAH, PMCH, NUP37, and chromosome 12 open-reading frame 48 (C12orf48). Among them, IGF1 is of particular interest in its potential gender-specific biological effects via the action of IGF1 and its receptor IGF1 receptor (IGF1R). Although this biological system is not similar to those described for insulin-like growth factor 2 (IGF2) and IGF2 receptor (IGF2R) where genomic imprinting mechanism was described nicely for paternal-or maternal allele of the gene(s) through imprinting mechanism (Barlow et al. 1991; Kalscheuer et al. 1993; Xu et al. 1993) , there is increasing evidence showing genetic imprinting of other molecules which controls the upstream or downstream of IFG1-IGF1R signaling (Drake et al. 2009; Miyoshi et al. 1998 ). Whether and how IGF1 influences various fatness-related traits in females await further investigation. In our preliminary analyses, we found that certain SNPs of the IGF1 gene showed highly significant association of various fatness-related traits (Wang et al., submitted) and the association varies by gender (unpublished data). In addition, the trait pairs with high genetic correction coefficients (0.52-0.82), including BMI-hip, BMI-PBF, BMI-waist, BMI-weight, hip-PBF, hip-waist, and hip-weight, all showed evidence of a gender-specific pleiotropy effect in this region (Table 4) . These results indicate that these traits may be regulated by a set of common genes.
The QTL for BMI on 7q36 in females was also identified in Old Order Amish for leptin (Hsueh et al. 2001) ; and for PBF in non-Hispanic whites and AfricanAmerican females (Lewis et al. 2005) . For males, the QTL on chromosome 6p12.3 (MLS 2.52, p = 0.0003) was previously reported to be linked to plasma leptin concentration in Pima Indians (Walder et al. 2000) . We confirmed several other QTLs reported previously, including QTLs on 3p24.1 (MLS 1.93, empirical p = 0.0015) for waist in males (Dong et al. 2005; Gorlova et al. 2003) , and 7q (MLS 2.23 or 2.06, corresponding empirical p = 0.00032 or 0.0042) and 10q (MLS 2.29, empirical p = 0.0029) for BMI in females (Butler et al. 1998; Le Stunff et al. 2000; Li et al. 1999) . In males, the pleiotropic effects were observed from the QTLs on chromosome 6p for hip-waist pair and on chromosome 2q for height-waist pair. These findings are consistent with our notion that the fatness-related traits may be controlled by a set of common genes. Human height is another clear example of sexual dimorphism with high heritability (0.86 for females and 0.99 for males in this study). Genome-wide linkage scans have suggested quite a few regions linked to body height (Liu et al. 2006) . Although there was no significant linkage peak for height in our univariate analysis, when G 9 S interaction was taken into consideration for linkage analyses we observed the peaks on chromosomes 9, 18, and 21 (MLS 2.04, 1.94, and 1.88, respectively), which replicated the QTL reported on chromosome 9q22.31 for height in Caucasians (Liu et al. 2006 ); Nevertheless, this QTL was observed only in females (LOD 1.76, empirical p = 0.0092). In the bivariate analysis, the QTLs for height have only coincident effects with BMI, hip, or weight in females; yet have only pleiotropic effects with waist or WHR in males. Note that it is more appropriate to use sexspecific map for the sex-specific linkage analysis. The impact of using the sex-specific maps warrants further investigation.
There is a concern that different ethnic groups may have different recombination rates as a result of genomic variations, which would generate misspecification of the genetic map and reduce the power of linkage analyses (Ju et al. 2008) . Ju et al. (2008) showed that Mongolians have about 1.9 fewer recombination per meiosis when compared with Caucasians. As a result, genetic lengths of the whole genome and chromosomes of the Mongolian map are shorter than those of Caucasian map. Jorgenson et al. (2005) studied the ethnic differences in genetic map, including Caucasians and Chinese and found that although the maps for the different groups are general similar, regional and genome-wide differences across ethnic groups do exist. They showed that the regions with significant differences in interval length between Caucasians and Chinese include the regions of 6p24.1-21.1, 8p23.1 and 12q24.31-24.32. In the present study, we did not identify significant loci in these regions, which eliminate the likelihood of having false-positive findings in these regions. However, Daw et al. (2000) found that map misspecification may also cause negative bias in regions with actual linkage, although in most cases, bias is modest. They also found that in the absence of linkage, map misspecification can cause positive or negative bias. Indeed, linkage analyses require appropriate genetic maps for identifying correct loci. The impact of using the Marshfield map on our linkage analysis warrants further investigation. We demonstrated that the QTLs controlling fatnessrelated traits vary in genders. The sexual dimorphism phenomenon in these fatness-related traits suggests some of the gender-specific autosomal effects, we observed might be caused by interaction with sex-linked genes, and also that many might result from hormonal influences on gene expression and regulation or other environmental factors that are related to gender (Weiss et al. 2006 ). The power of identifying QTLs for the traits increased substantially by incorporating genders into the linkage mapping and by studying trait pairs simultaneously. Most of the findings replicated reports from other studies in different ethnic groups. These results are informative for association mapping and warrant further investigation to elucidate the gender-specific underlying genetic mechanism of the QTLs or positional candidates responsible for these traits.
